Nalidixic acid has been shown to be a selective inhibitor of in vivo deoxyribonucleic acid (DNA) synthesis in bacteria (2, 5) ; however, its mechanism of action remains unknown. Cellfree systems synthesizing DNA have thus far been found to be insensitive to the antibiotic (16) . In vitro studies with DNA polymerase 1, membrane preparations from polAl mutants, endonuclease 1, exonuclease 1, 11, and 111, deoxyribonucleotide kinase, deoxyribosyl transferase from Escherichia coli, and DNA polymerase from Bacillus subtilis have shown that these enzymes are insensitive to nalidixic acid (16) . Some studies of the effects of nalidixic acid on eukaryotic organisms have been made. In Euglena gracilis, nalidixic acid blocks the replication of chloroplasts (but not proplastids) without affecting cell division (4, 13) . Nalidixic acid has also been shown to inhibit the growth of the yeast Kluyveromyces lactis on both fermentable and nonfermentable carbon sources as well as to considerably and selectively lower the level of mitochondrial DNA (12) .
This investigation describes the effect of nalidixic acid on macromolecular synthesis in the yeast Saccharomyces cerevisiae. We found that, upon the addition of nalidixic acid to a logarithmically growing culture, there is a transient inhibition of total cell RNA, DNA, and protein synthesis, after which the cells show an almost complete recovery. In addition, there is no preferential inhibition of yeast mitochondrial DNA synthesis. Assay of RNA, DNA, and protein synthesis. Ribonucleic acid (RNA) synthesis was followed by the incorporation of label from 3H-adenine into cold, acid-precipitable material. A 0.5-ml sample of the culture was added to 0.5 ml of cold, 10 or 20% trichloroacetic acid, chilled, and collected onto glass fiber filters. The filters were then washed with cold, 5% trichloroacetic acid (5 ml), cold, 95% ethanol (2 ml), and dried. Radioactivity was measured by counting each filter in a toluene Liquifluor scintillant (New England Nuclear Corp.) with an Intertechnique SL-4001 scintillation counter.
DNA synthesis was followed by measuring the incorporation of 'H-adenine into hot-alkali-stable, cold-acid-precipitable material. A 0.5-ml sample of the culture was treated in either of two ways. (i) The cells were added to 0.5 ml of 1 M KOH, hydrolyzed at 60 C for 2 h, precipitated with 0.9 ml of cold, 20% trichloroacetic acid, chilled, and collected on glass fiber filters as described above. (ii) The cells were harvested by centrifugation, suspended in 0.5 ml of a 0.4 M KOH and 20% dimethylsulfoxide solution (1), hydrolyzed for 2 h at 60 C, precipitated with 0.4 ml of 20% cold trichloroacetic acid, chilled, and collected on glass fiber filters as described above.
Samples were assayed for protein by the method of Lowry, et al. (11) . The samples were prepared in the following way. A 2-ml sample of culture was centrifuged, and the cell pellet was resuspended in 20% trichloroacetic acid and boiled for 20 min, and hot-trichloroacetic-acid-insoluble material was pelleted by centrifugation and resuspended in 2 ml of 0.5 M NaOH. A 0.5-ml sample of this solution was then used for the assay.
Spheroplast formation and preparative CsCl density gradient centrifugation. Cells were harvested by centrifugation and washed once with distilled water. They were then suspended in 0.5 M sodium thioglycolate-0. 1 M tris(hydroxymethyl)aminomethane buffer (pH 8.8) and incubated for 1 h at 30 C. The cells were centrifuged and washed twice with distilled water, suspended in 1 M sorbitol-0.001 M ethylenediaminetetracetic acid (EDTA) and 2% glusulase (Endo Laboratories, Garden City, N.Y.) and incubated for 30 min at 30 C. The spheroplasts were collected by centrifugation, and the pellet was suspended in 1.65 ml of 0.1 M NaCl-0.15 M EDTA (pH 9.0) and lysed by Sarkosyl (Geigy Chemical Co.) which was added to a concentration of 2%. This lysate was then transferred to a nitrocellulose centrifuge tube, and a saturated CsCl solution (4.1 ml) was used to adjust the density to between 1.680 g and 1.695 g/ml. The samples were overlaid with mineral oil and centrifuged in the 40 rotor of a preparative ultracentrifuge (Spinco) at 18 C at 31,000 rpm for 65 h. Fractions (0.15 ml) were collected from the bottom of the tube by puncturing it with a no. 22 gauge needle. Each fraction was adjusted to 0.5 M KOH and incubated for 2 h at 60 C to digest RNA. The labeled DNA was precipitated with bovine serum albumin (100 Ag/ml) and 0.5 ml of 20% trichloroacetic acid at 0 C. The fractions were chilled, collected by filtration on glass fiber filters (Whatman GF-A), washed with 5% trichloroacetic acid followed by 95% ethanol, dried, and counted for radioactivity as before.
Chemicals. Nalidixic acid was generously supplied by the Sterling-Winthrop Research Institute, Rens- selaer, N.Y. It was dissolved in and neutralized with 0.1 N NaOH before use.
RESULTS
Effect of nalidixic acid on growth and protein synthesis. Figure 1 shows the effect of nalidixic acid (500 ,g/ml) on a logarithmically growing culture of S. cerevisiae in NYPP medium. The response may be divided into two No increase in the number of petites was found during the first 6 h of growth or after overnight growth of the culture to saturation in the presence of nalidixic acid. A similar inhibition of yeast cell growth and recovery of the cells from the effects of the drug has also been reported by Wehr et al. (20) with another strain of S. cerevisiae which is sensitive to lower concentrations of nalidixic acid. Effect of nalidixic acid on nucleic acid synthesis. The effect of nalidixic acid on the synthesis of DNA and RNA (Fig. 2) produced results similar to those obtained for protein.
There was some synthesis of RNA and DNA in the 1st h after the addition of nalidixic acid, but the synthesis of both nucleic acids then stopped for about 1 h and, at approximately 2 h, the culture recovered its RNA and DNA synthetic capacity, but at reduced rates. The lowered rate of synthesis most likely reflects the loss in the viable cell count during the inhibitory phase.
In their studies of the effects of nalidixic acid on macromolecular synthesis in bacteria, Goss et al. (6) reported no inhibition of RNA or protein synthesis during short incubation times in the presence of the antibiotic, but at slightly longer time periods, some inhibition was evident. The effect of nalidixic acid on E. coli nucleic acid synthesis was immediate. Synthesis of RNA and DNA after the addition of nalidixic acid. The culture was treated as described in Fig. 1 except that at zero time 1 MCi of 3H-adenine and 8 yg of cold adenine per ml were added to both the control and drug-treated cultures. Triplicate samples were taken at the indicated times and assay for incorporation into DNA and RNA as described in Materials and Methods. Symbols: 0, control; 0, nalidixic acid (500 Mg/ml)-treated culture. Fig. 1 , except that the culture was prelabeled with 6 MCi of 3H-adenine and 2 ug of cold adenine per ml and divided 30 min before the addition of nalidixic acid to the experimental culture. Samples were taken at the indicated times and assayed for incorporation into DNA and RNA as described in Materials and Methods Symbols: 0, control; 0, nalidixic acid (500 ug/ml)-treated culture.
experiment during the first 60 min after the addition of nalidixic acid to a growing yeast culture. In this experiment, the cells were prelabeled for 30 min in order to saturate the internal pool with 3H-adenine and its nucleosides and nucleotides. Incorporation of label into DNA and RNA continued for about 30 min in the drug-treated culture and then stopped. The initial rate of incorporation was slightly less than that of the control for both RNA and DNA synthesis. In contrast to the results obtained with bacteria, the inhibition of DNA synthesis by nalidixic acid cannot be separated from its effect on RNA synthesis.
Recovery phase. In order to determine whether the recovery phase of the culture was due to the breakdown or inactivation of nalidixic acid in the medium by the cells, a 10-fold variation in cell concentration was compared for the time of the onset of the recovery phase. In these experiments, the time of recovery was determined by following the uptake of 3H-adenine from the growth medium (Fig. 4) . By this method, in which the recovery began at 2 h, the uptake of label was not linear until 3 h after addition of the antibiotic. If the uptake of label was followed in a series of cultures in which the concentration of cells was varied (up to a sevenfold increase in cell concentration), the time of recovery remained constant. Thus it appears that the nalidixic acid was not inactivated by the cells, but that they somehow adapted to the drug or became impermeable to it. It should be noted that this adaptation occurred during a period when there was no net Cesium chloride density gradient analysis of DNA from nalidixic acid-treated yeast. The finding that exposure of the yeast cells to nalidixic acid did not produce respiratory-deficient colonies (petites), even after growth to saturation in the presence of the antibiotic, suggests that, at least under these growth conditions, mitochondrial DNA synthesis is not preferentially inhibited. To demonstrate this, we compared the synthesis of mitochondrial and nuclear DNA during different time periods after the addition of nalidixic acid to a growing culture of yeast. In yeast, mitochondrial and nuclear DNA have different base compositions and therefore band at different positions in CsCl density gradients. Figure 5 shows CsCl density gradients of yeast DNA synthesized in the presence of nalidixic acid during overlapping time periods of the inhibitory phase. The incorporation of 3H-adenine into both nuclear and mitochondrial DNA was greatly inhibited, but to approximately the same final extent. It seemed, though, that the synthesis of mitochondrial DNA was affected somewhat more rapidly, and could indicate that either the mitochondrial DNA synthesizing system is more sensitive Nalidixic acid was then added to one culture, (indicated by the arrow) and the uptake of labeled adenine by the cells was measured. A 0.5-ml sample of culture was centrifuged to remove the cells, and the counts remaining in the supernatant fluid were determined. Symbols: 0, control; 0, nalidixic acid (500 gg/ml)-treated culture. to nalidixic acid than is the nuclear system or that the mitochondrial membrane is more permeable to nalidixic acid than is the nuclear envelope. CsCl gradients of the DNA synthesized after the recovery of the culture (Fig. 6) showed that the rate of mitochondrial DNA synthesis, as compared with nuclear DNA synthesis, was lower than in the control but that both classes of DNA were synthesized at significant rates. (3) found that the bactericidal action of nalidixic acid resulted from the degradation of E. coli DNA. Unfortunately, the analogous experiment can not be carried out in yeast because of the existence in this organism of large, internal nucleotide pools; the removal of external radioactive precursor does not prevent the continued labeling of the DNA. An additional finding from these studies should be stressed. Nalidixic acid does not preferentially inhibit mitochondrial DNA synthesis, even in the inhibitory phase, nor does growth in the presence of the antibiotic result in an increase in the number of respiratory-deficient cells. In yeast, nalidixic acid has been shown to inhibit the induction of petites by ethidium bromide (8, 9, 19) . The results of Vidova and Kovac (19) enabled them to infer that the inhibition by nalidixic acid of the induction of petites by ethidium bromide did not result from the specific inhibition of mitochondrial DNA synthesis by the antibiotic. This analysis is corroborated by the results of our experiments. It has been reported that nalidixic acid also inhibits the respiratory adaptation of yeast to aerobic growth and the biogenesis of respiratory enzymes (14, 15) . These effects could not result from the specific inhibition of mitochondrial DNA synthesis unless it is postulated that during respiratory adaptation the macromolecular synthesizing systems of the yeast are different from those found in the repressed yeast cell. Clearly, much more work is required to define the action of this antibiotic in yeast as well as in bacteria. 
DISCUSSION

